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This paper presents the results of numerical study of turbulent flow and heat transfer in a
channel with inclined detached-ribs. The computations based on the finite volume
method, and the SIMPLE algorithm have been implemented. The study encompasses
the Reynolds number (based on the hydraulic diameter of a channel) range from 4000 to
24,000. The heat transfer, pressure loss and thermal performance of the inclined
detached-ribs with different attack angles (θ) of 01, 151, 301, 451, 601, 751, 1051, 1201,
1351, 1501 and 1651 are examined and compared with those of the typical transverse
attached rib with θ of 90o. The computational results reveal that, at high Reynolds number,
the inclined ribs with θ¼60o and 120o yield comparable heat transfer rates and thermal
performance factors which are higher than those given by the ones with other angles. On
the other hand, at low Reynolds number, the effect of rib attack angle is insignificant.
& 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license.1. Introduction
Rib-roughened walls are extensively applied for heat transfer augmentation in cooling passages. The heat transfer
augmentation by ribs relies on induced turbulence in the flow. Several researchers reported the effects of rib geometries
(channel aspect ratio, rib height-to-passage hydraulic diameter or blockage ratio, rib angle of attack, rib pitch-to-height ratio
and shape, the manner in which the ribs are positioned (in-line, staggered, oblique, one-wall, and opposite two-walls)) on
the heat transfer enhancement, pressure drop and thermal performance. Momin et al. [1] presented the thermal behaviors
in a solar air heater channel fitted with V-shaped ribs for e/D¼0.02–0.034 and the angle of attack (α)¼30–901. Aharwal et al.
[2] investigated the heat transfer characteristics in a solar air heater channel with inclined square split-rib with a gap on one
wall. They observed that the gap in the inclined rib helped to enhance the heat transfer in the channel. Tanda [3] studied the
forced convection heat transfer in a rectangular channel with angled rib turbulators inclined at 451. The angled ribs were
deployed with parallel orientations on one or two surfaces of the channel. The effects of ratio of rib height to hydraulic
diameter, rib spacing, rib pitch-to-height ratios (p/e) on the thermal performance were examined. Lanjewar et al. [4]
examined the heat transfer and friction factor characteristics in a rectangular duct roughened with W-shaped ribs pointing
downstream (W-down) and upstream (W-up) to the flow. Promvonge et al. [5] investigated the effects of the combined ribs
(isosceles triangle rib) and delta-winglet type vortex generators on heat transfer and pressure drop characteristics in a solar
air heater channel for Reynolds numbers between 5000 and 22,000. Promvonge and Thianpong [6] reported the thermaler Ltd.
.
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Their results reveal that the in-line wedge rib pointing downstream yielded the highest heat transfer rate while the staggered
triangular rib offered the best thermal performance. Liu et al. [7] investigated the forced convection heat transfer in
microchannel by using the CFD and lattice Boltzmann approaches. Influences of the microchannel geometric shape (ridge-
shaped groove, V-shaped groove, shield-shaped groove, and straight slot groove) on thermal performance were also
described. Liu and Wang [8] studied the heat transfer and friction factor characteristics in channel with semi-attached ribs.
The ribs were perforated at the rib corners to form two rectangular holes, so a portion of the fluid could pass through the
holes. Effects of the width ratios of channel to hole, transverse rib and 451 angled ribs on flow structure were also reported.
Wongcharee et al. [9] studied the thermal performance in a channel fitted with concave–concave/convex–concave/long
convex-short concave/long concave-short concave ribs. It was found that the modified ribs with convex surfaces (convex–
concave and long convex-short concave ribs) gave lower Nusselt numbers and friction factors but higher thermal
performance factors than the one with both concave surfaces (concave–concave and long concave-short concave ribs).
Sriromreun et al. [10] studied the effect of 451 Z-baffles on the thermal performance factor in a rectangular channel which
aligned in series on the isothermal-fluxed top wall. They found that the thermal performance factor for the in-phase 451 Z-
baffles was higher than those for the out-phase 451 Z-baffles. In addition, heat transfer rate and friction loss increased as
baffle height increased while thermal performance factor increased as baffle pitch length decreased. Recently, Promvonge
et al. [11] reported the flow and heat transfer characteristics in a square duct fitted diagonally with 301 angle-finned tapes at
different fin-to-duct height ratios. As compared with typical wire coil and twisted tape, the finned tape gave significantly
higher thermal performance factor.
The main aim of the present work is to extend the numerical data availability in heat transfer enhancement by inclined
detached-ribs with different attack angles (θ¼01, 151, 301, 451, 601, 751, 1051, 1201, 1351, 1501 and 1651). In the present
report, the numerical computations for channel flows over inclined detached-ribs mounted on the bottom channel wall are
conducted to analyze the fluid flow, temperature field and thermal performance. All of the numerical calculations were
carried out in a turbulent region with the Reynolds number based on the hydraulic diameter (Re), from 4000 to 24,000. In
addition, the results of the detached-ribs are subjected to compare with those of typical transverse attached-ribs (θ¼901).2. Mathematical foundation
The numerical model for fluid flow and heat transfer in a channel was developed under the following assumptions: Steady two-dimensional fluid flow and heat transfer.
 The flow is turbulent and incompressible.
 Constant fluid properties.
 Negligible radiation heat transfer, body forces and viscous dissipation.Based on the above assumptions, the channel flow is governed by the continuity equation, the Navier Stokes equations
and the energy equation. In the Cartesian tensor system these equations can be written as follows:
Continuity equation:
∂
∂xi
ðρuiÞ ¼ 0 ð1Þ
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The Reynolds-averaged approach to turbulence modeling requires that the Reynolds stresses, ρu0iu0j in Eq. (2) be
appropriately modeled. A common method employs the Boussinesq hypothesis to relate the Reynolds stresses to the mean
velocity gradients
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viscosity is given as
μt ¼ ρCμ
k2
ε
ð6Þ
The modeled equation of the TKE, k is written as
∂
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Similarly the dissipation rate of TKE, ε is given by the following equation:
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where Gk is the rate of TKE generation while ρε is its destruction rate. Gk is written as
Gk ¼ ρu0iu0j
∂uj
∂xi
ð9Þ
The boundary values for the turbulent quantities near the wall are specified with the enhanced wall treatment method.
Cμ¼0.09, C1ε¼1.44, C2ε¼1.92, sk¼1.0, sε¼1.3 and Prt¼0.9 are chosen to be empirical constants in the turbulence transport
equations.
Renormalized Group (RNG) k–ε turbulence model
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Shear Stress Transport (SST) k-ω turbulence model
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The governing equations are solved using a finite volume approach and the SIMPLE algorithm. The time-independent
incompressible Navier–Stokes equations and the turbulence model are discretized using the finite volume method. QUICK
(Quadratic upstream interpolation for convective kinetics differencing scheme) and central differencing flow numerical
schemes are applied for convective and diffusive terms, respectively. The discretized nonlinear equations are implemented
implicitly. To evaluate the pressure field, the pressure–velocity coupling algorithm SIMPLE (Semi Implicit Method for
Pressure-Linked Equations) is selected. At the inlet, uniform velocity profile is imposed. Impermeable boundary condition is
implemented over the channel wall while constant temperature condition is applied to the lower wall of test section. The
turbulence intensity is kept constant of 10% at the inlet.
The solutions are considered to be converged when the normalized residual values are within 106 for all variables. Unlike the
molecular viscosity, the eddy viscosity depends strongly on the flow property. Therefore, selecting the turbulence model,
accommodating the flow behavior of each application is very important. In the present work, a more reliable model has been
selected from the RNG k–ε turbulence model and the SST k–ω turbulence model, by data verification. The following assumptions are
applied through the simulations: the flow is steady, fully developed, turbulent and two dimensional, the thermal conductivity of the
channel wall and material roughness does not change with temperature, and the channel wall and material roughness are
homogeneous and isotropic with enhanced wall treatment function.3. Flow conﬁguration
3.1. Rib geometry and arrangement
Fig. 1(a–c) shows the configuration of the rectangular channel with ribs mounted on the bottomwall in tandem and also
the ribs with different attack angles (θ¼01, 151, 301, 451, 601, 751, 1051, 1201, 1351, 1501 and 1651). The flow under
consideration is expected to attain a fully-developed flow condition. Air enters the channel at an inlet temperature, Tin of
300 K. In the present work the typical transverse attached-ribs (θ¼901) are also examined for comparison.
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Fig. 1. Channel geometry and computational domain. (a) Channel with ribs. (b) Ribs with different attack angles. (c) Computational domain.
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The physical properties of air have been assumed to remain constant at average bulk temperature. Impermeable
boundary and no-slip wall conditions have been implemented over the channel walls as well as the rib. The temperature of
all channel walls is maintained at 310 K while the rib is subjected to an adiabatic wall condition (high thermal resistance).
Constant mass flow rate of air with 300 K (Pr¼0.707) is applied for the computing. The inlet and outlet velocity profiles are
identical. The computational domain is resolved by regular Cartesian elements, as shown in Fig. 1(a–c). At the inlet fully-
developed velocity profile is imposed. Impermeable boundary condition is implemented over the channel wall as well as the
inclined detached-rib. The turbulence intensity is kept constant at 10% at the inlet, unless otherwise stated. The inclined
detached-rib is maintained at adiabatic condition so that ∂T/∂n¼0 where n is normal to the inclined detached-rib surface.
The simulation with 10 ribs mounted on the channel axis is conducted as to be a reference case. A grid independence
procedure is implemented by using the Richardson extrapolation technique over grids with different cell numbers. In the
present work, Nusselt number is computed using the SST k–ω turbulence model with grid densities between 60,050 and
239,800 cells and a near wall elements spacing of yþE1. It is found that the further increase of grid beyond 107,902 cells
results in variation in Nusselt number of less than 1%, thus the grid number is taken as criterion for grid independence.
In the present investigation, there are four parameters of interest as following.
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Re¼ ρuD=μ ð14Þ
The friction factor, f is computed using the following equation:
f ¼ ðΔp=LÞHð1=2Þρu2 ð15Þ
where Δp is pressure drop across the length of the channel, L.
The heat transfer performance is measured by Nusselt number which can be obtained from
Nu¼ hH
k
ð16Þ
The average Nusselt number can be obtained from
Nuave ¼
1
L
Z
NuðxÞ∂x ð17Þ
The thermal enhancement factor (h) is defined as the ratio of the heat transfer coefficient of an augmented surface, h, to that
of a smooth channel without rib, h0, at an equal pumping power.
η¼ h=h0 ¼ ðNu=Nu0Þ=ðf =f 0Þ1=3 ð18Þ
where Nu0 and f0 stand for Nusselt number and friction factor for the smooth channel, respectively.
4. Numerical results and discussion
The numerical investigation of the heat transfer enhancement in a rectangular channel mounted with inclined detached-
ribs of the different attack angles (θ¼01, 151, 301, 451, 601, 751, 901, 1051, 1201, 1351, 1501 and 1651) are presented. The
numerical results of heat transfer, flow friction and thermal performance characteristics of the typical transverse attached-
rib (θ¼901) are also reported for comparisons in terms of Nusselt number ratio (Nu/Nu0), friction factor (f/f0) and thermal
performance factor (η).
4.1. Smooth channel
To verify the prediction, the present predicted local Nusselt number of a channel with transverse ribs (θ¼901) predicted
by the SST k–ω turbulence model and the RNG k–ε turbulence model is compared with experimental data from the earlier
published work [12] as shown in Fig. 2. Evidently, the data obtained from the RNG k–ε turbulence model are significantly
over-predicted with respect to the measured data while those achieved from the SST k–ω turbulence model are found to be
comparable for the entire region considered. This indicates that the SST k–ω turbulence model is more reliable for the
present case. This gives us a strong confidence in further investigation of the channel flow over the rib. The numerical
results of Nusselt number, friction factor and thermal performance factor characteristics of the channels with inclined
detached-ribs of different attack angles (θ) are discussed in the following section.Fig. 2. Verification of Nusselt number for channel with attached-ribs.
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The flow structure (streamline) and temperature field in the turbulent channels with inclined attached-ribs or detached-
ribs of different attack angles (θ¼01, 151, 301, 451, 601, 751, 1051, 1201, 1351, 1501 and 1651) are shown in Figs. 3 and 4. The
streamlines around the rib cells are presented for Re¼4000. Obviously, the inclined detached-ribs with attack angles (θ) ofeerged0
eerged51
eerged03
eerged54
eerged06
eerged57
eerged09
eerged501
eerged021
eerged531
eerged051
eerged561
Fig. 3. Temperature field in the channels with detached-ribs.
0 degree 15 degree
30 degree 45 degree
60 degree 75 degree
90 degree 105 degree 
120 degree 135 degree 
150 degree 165 degree 
Fig. 4. Streamline and temperature field in the channels with attached-ribs or detached-ribs between 7th rib and 8th rib.
K. Yongsiri et al. / Case Studies in Thermal Engineering 3 (2014) 1–10 7451, 601, 751, 901 (transverse attached-rib), 1051, 1201, 1351 and 1501 induce large recirculation zones behind rib cells
(accelerated region). Some of them also induce small recirculation upstream of ribs (de-accelerated region). On the other
hand, recirculation is not found in cases of the inclined detached-ribs with smaller attack angles (θ¼01, 151 and 301) or
larger attack angles (θ¼1651). Recirculation possesses a significant influence on the temperature field, because it can induce
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wall. The results indicate that the ribs with moderate attack angles offer better fluid mixing and thus thinner boundary layer
than the ones with extremely low or high attack angles.4.3. Heat transfer
The effect of attack angle of inclined detached-rib on Nusselt number at various Reynolds numbers is shown in Fig. 5.
In general, Nusselt number increases with increasing Reynolds number owing to higher turbulent intensity imparted to the
flow between the ribs. The effect of attack angle of inclined detached-ribs becomes more significant as Reynolds number
increases due to the induction of recirculation or rotating eddy. The Nussselt number results accord well with the
streamlines presented above as the inclined detached-ribs which induce recirculation (θ¼451, 601, 751, 1051, 1201, 1351 and
1501) give higher Nussselt number than the ones which do not (θ¼01, 151 301, 1651 and 1801). This is attributed to a better
mixing of the fluid between the core and the tube surface regions caused by turbulent fluctuation or eddy motion between
rib elements. Among the inclined detached-rib, the ones with θ¼601 and 1201 give comparable Nusselt numbers which are
higher than the others especially at high Reynolds numbers.4.4. Pressure loss
Friction factor in the channels with attached-ribs or detached-ribs of different attack angles (θ) is depicted in Fig. 6. As
shown, friction factor decreases with increasing Reynolds number. At low Reynolds number (Re¼4000), ribs at all attack
angles give comparable friction factors. At higher Reynolds number, the influence of rib attack angle on friction factor
becomes more significant. Friction factors are low with the use of ribs with extremely small attack angles (θ¼01, 151 and 301)
and extremely large attack angles (θ¼1651) as recirculation is not induced. On the other hand, the ribs inducing
recirculation cause higher friction factor, especially the ones with θ¼1051 and 1201 due to their high flow blockage. For
the range considered, the ribs generate pressure losses ranging from 2.79 to 3.49 times above those of the smooth channel.4.5. Thermal performance
Fig. 7 shows the influence of attack angle of detached-rib on thermal performance factor at various Reynolds numbers.
Apparently, at low Reynolds number (Re¼4000), thermal performance factors for all cases are comparable and higher than
unity. At high Reynolds number (Re¼12,000 and 24,000), the effect of rib attack angle becomes significant. Evidently, the
inclined ribs with θ¼601 and 1201 give comparable thermal performance factors (above unity) for the whole range
considered. On the other hand, the ribs with small and large attack angles (θ¼01, 151, 301 and 1651) give thermal
performance factor lower than unity. These results indicate that energy saving is feasible by the use of inclined detached-
ribs with moderate attack angles (θ¼601 and 1201).Fig. 5. Effect of attack angle of detached-rib on Nusselt number. at various Reynolds numbers.
Fig. 7. Effect of attack angle of detached-rib on thermal performance factor at various Reynolds numbers.
0
Fig. 6. Effect of attack angle of detached-rib on friction factor at various Reynolds numbers.
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The effects of the inclined detached ribs with different attack angles (θ¼01, 151, 301, 451, 601, 751, 1051, 1201, 1351, 1501
and 1651) on the heat transfer, friction factor and thermal performance behaviors have been investigated numerically for
Reynolds numbers from 4000 to 24,000. The numerical results show that1. at low Reynolds number (Re¼4000) the effects of rib attack angle on the heat transfer, friction factor and thermal
performance behaviors are insignificant, as all tested ribs do not induce recirculation at such a low Reynolds number.2. At higher Reynolds number (8000rRer24,000), the inclined detached-ribs with attack angles (θ) of 451, 601, 751, 1051,
1201, 1351 and 1501 induce large recirculation zones while the ribs with smaller attack angles (θ¼01, 151 and 301) or
larger attack angles (θ¼1651) do not.3. The ribs which induce recirculation give higher Nusselt number and friction factor than the ones which do not.
K. Yongsiri et al. / Case Studies in Thermal Engineering 3 (2014) 1–10104. Among the ribs examined, the ones with θ¼601 yield comparable heat transfer rate 1.74 times of those in the smooth
channel and θ¼1201 yield thermal performance factor 1.21 which are higher than those given by the others.
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